Abstract: Thermal stability of alkyl and arylalkyl quaternary ammonium cation (onium) in starting chloride salt, in organoclay obtained after exchange with montmorillonite (MMT) and after mixing of the organoclay with isoprene rubber was examined using conventional TGA and by mass spectrometry pyrolysis/GC-MS. Degradation was observed to occur at T ≥ 170 °C for organoclays and the main volatile compounds were identified as tertiary amines, chloroalkanes and alkenes. Mechanisms for their formation are proposed and the role of residual onium chloride and basic centers of layered silicate is discussed.
Introduction
In the field of elastomeric materials, diene rubbers play a dominant role. Their global consumption is about 20 million ton/year [1] and is essentially due to their use in tire compounds, i.e. in a highly demanding dynamic application that requires an absolute control of viscoelastic properties [2] . In this respect, a key role is played by reinforcing fillers.
Nanocomposites are composite materials characterized by the presence of dispersed particles whose size is in the "nanoscale", defined as "having one or more dimensions of the order of 100 nm or less" [3] . Two main reinforcing fillers are used for rubber compounds: carbon black and amorphous silica (precipitated and fumed) whose nearly round elementary particles are 10-50 nm in diameter. Rubber compounds for tires could be thus defined as nanocomposites, being the characteristic dimension of said reinforcing fillers well below 100 nm.
Layered silicates are deeply investigated for the preparation of nanocomposites based on thermoplastic polymers [4] and are also acquiring an increasing importance in the field of rubber compounds [5 -6] . They are available as inexpensive natural mineral fillers and therefore are of potential interest for large scale applications such as in tire manufacture. Moreover, they are reported to bring about a higher reinforcement of the rubber matrix with respect to traditional fillers. This is correlated with the peculiar shape of the layers, which shows a significant difference in length with respect to width, i.e. a high aspect ratio. Anisometric particles with a high aspect ratio are more effective for reinforcement than isometric particles with similar length and width. As layer dimensions have nanometric size, layered clays are thus fillers for a new generation of rubber nanocomposites.
Among these layered silicates, most used is montmorillonite (MMT), thanks to its large availability and also to high aspect ratio, high surface area and a high cationic exchange capacity (CEC). MMT is made of layers 1 nm thick, with lateral dimensions between 100 and 1000 nm, made up of two tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral sheet of either aluminum or magnesium hydroxide. Stacking of the layers leads to a regular van der Waals gap between the layers called gallery. Isomorphic substitution within the layers generates negative charges that are counterbalanced by alkali and alkaline earth cations situated inside the galleries. These cations can be easily involved in exchange reactions with other cations. Each silicate layer is terminated by oxygen atoms on its faces and by oxygen atoms and hydroxide groups on its periphery. MMT has thus a hydrophilic nature and needs a compatibilizer to be effectively dispersed in a rubber matrix. One takes thus advantage of the cation exchange capacity to render organophilic the hydrophilic layered silicates: the alkali cations are exchanged with long chain quaternary alkyl ammonium (onium) cations, causing not only a modification of the clay surface polarity but also an increase of intergallery distance. This is reported to favor the accessibility of macromolecular chains to the layer packages, bringing about the so called intercalation phenomenon, seen as propedeutic to the final clay exfoliation.
A layered clay has thus to become an organoclay to give rise to diene rubber nanocomposites. However, a rubber compound is mixed at temperatures that can be as high as 150 °C in a typical internal mixer (e.g. a Banbury®) and even higher in a mixer such as a twin screw extruder. Moreover, vulcanization reactions occur at temperatures higher than 150 °C, typically at 170 °C, and it is known that in these conditions ammonium salts act as accelerators of sulfur based vulcanization. Thermal stability of organoclays containing ammonium salts has thus to be carefully considered in rubber nanocomposites. In the literature, this aspect has been investigated over the last years, for composites based on thermoplastic polymers as well as for sulfur cured rubber compounds [7] . Thermal degradation of the modifier will in fact not only alter the carefully tailored surface compatibility, but also the resulting products may play a major and yet to be determined role in the formation of exfoliated nanostructures and in affecting the physical characteristics of the final nanocomposite. In this work, the thermal stability of three quaternary ammonium salts, reported in Table 1 , was investigated, before and after reaction with MMT and also after mixing the organoclay with synthetic isoprene rubber (IR). The quaternary ammonium are: di-talloyldimethylammonium chloride (DTDM-Cl), talloylbenzyldimethylammonium chloride (BTDM-Cl), talloyl-2-ethylhexyldimethylammonium chloride (TEDM-Cl).
Tab
Thermal stability was investigated through thermogravimetric analysis (deducing DTG curves from conventional TGA). Because alone TGA is of limited utility, since chemical identification of the volatiles is not possible, we decided to use this technique in conjunction with GC-MS, enabling the direct identification of the alkyl degradation products. This work is the final rationalization of preliminary results [8] and, in particular, mechanisms for the formation of degradation products are proposed.
Results and discussion

Characterization of ammonium salts, organoclays and IR/organoclays masterbatches
Several batches of commercial samples of organoclays containing the ammonium salts of Table 1 were characterized by cation exchange and XRD analysis. The relevant mean values of CEC and basal spacings (d 001 ) parameters are reported in Table 2 . The CEC was determined by exchanging the Na + ions with Cu(trien) 2+ and measuring the decrease in its concentration photometrically [9, 10] whereas the basal spacing was calculated from XRD data. In the case of DTDM, the organoclay was also prepared by reaction of DTDM-Cl with MMT in a water/alcohol mixture and subsequent purification (see Experimental). It is worth noting that the organoclay prepared in this work (MMT-DTDM) presents a lower interlayer distance with respect to the commercial sample (D67G) with the same ammonium salt. Taking also into account that the commercial D67G sample reveals a higher carbon content (corresponding to an excess of ammonium salt of about 8%, see Experimental), it was hypothesized the presence of free ammonium chloride in the commercial sample D67G. This was confirmed by exhaustive Soxhlet extraction with ethanol of commercial D67G sample (last raw of Table 2) , that led to a reduction of the interlayer distance from 3.4 to 2.6 nm [11] . Linear correlation between interlayer height and surfactant salt content is consistent with previous investigation of organoclay with long chain quaternary alkyl surfactants [7a, 12] .
Masterbatches reported in Table 1 , containing Isoprene Rubber (IR) and the commercial samples of organoclays in a 5/1 as wt/wt ratio, were prepared in a corotating twin screw extruder adopting two flow rates, to explore a wide range of process temperatures. To favor an easier processability, a very low amount of stearic acid (2 % by weight) was added. It is worth observing that the values of d001 interlayer distance calculated from XRD spectra of masterbatches are very similar to those reported in Table 2 for the commercial organoclays. This finding allows to assume that a polymer intercalation did not occur, even by compounding rubber and organoclay in a corotating extruder at high temperature. However, a good dispersion of the layered organophilic clay in the rubber matrix was achieved: in the TEM micrograph shown in Figure 1 , only stacks and isolated lamellae can be observed. As previously described in detail [13] , the mixing energy can bring to a delamination phenomenon, i.e. to a separation between clay-layers, that does not occur through the well-known intercalationexfoliation mechanism, that instead supposes the intercalation of polymeric chains. Table 3 ).
Moreover, the detection of OM-Intercalates indicates that the ammonium cations did not undergo degradation reactions, in spite of the high temperature experienced. In fact, it is reported in the literature that the degradation of the ammonium cation hosted in the galleries brings to the formation of more compact clays with a periodicity close to that one of the unmodified clay (about 1.2 nm), and this is not observed for these samples. The stability of organoclays at such high temperatures is probably due to the low residence time adopted in the extruder, in the order of 60 seconds.
Thermal stability of quaternary ammonium chloride, organoclays and IR/organoclays masterbatches
The quaternary ammonium salts were purified through dehydration of the commercial dispersions and recrystallization from toluene solution before undergoing thermal analysis. DTG curves from conventional TGA of the quaternary ammonium chlorides are collected in Figure 2 . The DTG traces generally consist of a sharp broad peak in the temperature range 180-310 °C, depending on the substituents. Benzyl group induces degradation at the lowest temperature. Multiple overlapping DTG peaks can be detected and mass loss starts at a temperature of about 15-30 °C lower than the one detected for the corresponding ammonium chlorides.
The weight loss at temperatures close to 50 °C is due to evolution of adsorbed water and physiabsorbed gases, probably bound on the exterior of the aggregates and along the hydrophilic layer edges. At temperatures between 180° and 500 °C, the organic constituent undergoes a complex stepwise decomposition with formation of organic volatile compounds. This indicates that several parallel decomposition reactions occur and that carbon residues remain in the inorganic matrix and possibly in the interlayer galleries. As a matter of fact, the organoclay heated in an inert atmosphere has a dark colour that turns light if heating is carried out in air. The decrease in decomposition temperature is more pronounced for the organoclay containing benzyl substituted ammonium cation.
X X Figure 4 shows the thermographs of IR masterbatches with commercial samples of organoclays. In the presence of rubber, one can observe an overlapping of products coming from the decomposition of rubber and organoclay, with a further decrease (5-7 °C) of threshold degradation temperature. The similarity of curves shapes seems however to suggest that, in a temperature range from 160 °C to 240 °C, the contribution to decomposition products of the organic polymer can be neglected. 
Products from thermal degradation of organoclays and IR/organoclay masterbatches
Volatile products arising from thermal degradation were characterized through GC-MS analysis. In Figure 5 a typical GC chromatograph of the volatile products coming from decomposition of organoclay D67G is shown. Structural assignments of products not arising from rubber decomposition were made based on NIST library database and co-injection of authentic samples. The product distribution obtained from thermal decomposition of Samples 2-7 of Table 3 and identified and quantified by GC-MS is summarized in Table 4 .
Degradation of masterbatches with organoclays in IR rubber mainly yields long chain tertiary amines, long chain methyl esters, 1-chloroalkanes and long chain R-olefins. Only minor variations in product distribution are observed throughout in the temperature range 180-270 °C, with an increased number of shorter chain fragments at higher temperatures. Tertiary dimethylalkylamines are the prevalent products and can easily explain the observed autoaccelaration of the rubber vulcanization in the presence of organoclay. Less obvious is the formation of long chain carboxylic esters. However, the presence of benzyl esters in masterbatches 4 and 5 suggests that alkylation processes of the carboxylic acid present in the masterbatches by quaternary ammonium cations or by 1-chloroalkanes are operative. The formation of 1-choroalkanes must clearly be related to the presence of contaminants, no 2-isomers were detected. Finally, the amount of long chain R-olefins is always very low, despite the fact that Hoffman elimination is suggested as the major decomposition process of quaternary ammonium cations.
Mechanisms for the formation of degradation products
The more plausible source of 1-chloroalkanes in the degradation products, as observed both in Figure 4 and in Table 4 , must be the quaternary ammonium chloride or sodium chloride survived in the organoclays preparation and purification. To verify this hypothesis, commercial sample D67G organoclay and deeply purified MMT-DTDM organoclay, prepared in this work, were heated at 200 °C in n-dodecane and the resulting solution was analysed by GC-MS. Following the results reported in Figure 6 of the time dependence of 1-chlorooctadecane and 1-chlorohexadecane released under these conditions up to 6 hours, it is clear that purified MMT-DTDM sample affords quite comparable low amount of 1-chloroalkanes than D67G commercial sample. Because the extensive extraction of the first sample with ethanol is expected to eliminate more ammonium salt than sodium chloride (and taking into account that the process is accompanied by a reduction of the interlayer distance), we can conclude that the 1-chloroalcane must be originated by excess of quaternary ammonium chloride mainly present in the galleries of the clay. MMT-DTDM
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A further support to this interpretation comes from the elemental analysis data of the commercial organoclay where the carbon content was also in excess (about 6%) on the measured CEC. 1-chloroalkanes were evolved only in the initial stage of the decomposition and, therefore, their formation must be related to the first broad peak in the DTG curves, i.e. quaternary ammonium salts decompose more efficiently (10-30 °C lower) in the clay than in an hydrocarbon solvent.
The presence of tertiary amines containing talloyl and 2-ethylhexyl radicals but not the benzyl radical indicates that the type of substituent of the nitrogen atom deeply affects the fragmentation reactions of the ammonium salt. Thermal decomposition of organic ammonium cations predominantly occurs at the site with the smallest N-C bond dissociation energy. In this respect, it can be easily interpreted the very minor presence of tertiary amines derived from loss of methyl groups, that are indeed strongly bonded to the nitrogen atom. Tertiary amines are known to be formed by decomposition of the alkyl quaternary ammonium via Hofmann elimination or S N 2 nucleophilic substitution reaction ( Figure 7 ) at a temperature as low as 155 °C, irrespective of the molecular structure. Generally the first decomposition mode is preferred with hard anions, whereas with more polarizable anions the latter process prevails. In the samples examined, the nucleophilic substitution seems more efficient than Hoffman elimination probably owing to the peculiar polar environment of the galleries (where hard anion, i.e. OH -, are not present). Moreover, because the sum of alkene and 1-chloroalkanes is in defect with respect to tertiary amines, other nucleophilic agents, either of low molecular mass or present on the surface of clay, can be involved in S N 2 substitution reactions. Similarly, we can explain the formation of long chain carboxylic acid methyl esters through the nucleophilic substitution to the alkylammonium cation by the corresponding carboxylate anion (fatty acids were in fact used to assemble the masterbatch). The thermal decomposition of quaternary ammonium carboxylates to give carboxylate esters has in fact been described [14] . The higher amount of the benzyl ester with respect to the methyl in masterbatches containing BTDM, i.e. a cation with one benzyl and two methyl groups, is in line with the easier cleavage of the C-N bond when the benzyl group is the substituent.
These considerations suggest the possibility that nucleophilic oxygen atoms in the periphery of the clay gallery can undergo the substitution with a net increase of hydrophobicity of the inorganic material (Figure 8) . Thus, utilization of interlayer decomposition and local alkylation can provide a new, although unproven, paradigm for surfactant design for enhancing compatibilization in processed polymer nanocomposites. However, the extent of alteration to the organic modifiers will depend on the specifics of time-temperature history. In order to verify the possible transfer of alkyl groups from quaternary alkylammonium salts to neutral oxygen atoms in polar media, the reaction between dodecyltrimethylammonium chloride and diethylcarbonate (DEC) was investigated in an autoclave at 170 °C for 2 hours. An easy decomposition of the ammonium salt takes place with formation not only of 1-chlorodecane (13%), trimethylamine (21%), dodecyldimethylamine (9%) and 1-dodecene (3%), but also of oxygenated compounds containing alkyl substituents arising from the ammonium salt, both methyl and dodecyl groups. The structures of these compounds were attributed by GC-MS analysis and the following product distribution was observed: dodecylethyl carbonate (6%), didodecyl carbonate (13%), methylethyl carbonate (7%), dodecylethyl ether (8%), didodecyl ether (5%), dodecylmethyl ether (3%). All these products can be mechanistically interpreted as result of a nucleophylic displacement at C-N bond of the ammonium salt by a basic oxygen of DEC through the two alternative pathways reported in Figure 
Conclusions
The overall picture that emerges suggests care in interpreting the polymer intercalation and exfoliation experiments in high temperature clay-polymer nanofillers blending. The complex decomposition picture of the surfactant occurs in fact at relatively low temperatures comparable to those conventionally used to prepare rubber masterbatches and in vulcanization. The presence of long chain tertiary amines, alkene, ester products (and occasionally 1-chloroalkanes) may lead to detrimental interfacial plasticization and scorch time reduction but, also, to advantageous secondary cross-linking reactions (1-olefins and amines) with the polymer. Our data suggest that at relatively high temperatures both organoclay and polymers may be drastically different than originally intended, and that this complexity can affect chain dynamics near the organoclay surface and molecular interpretation of rheological phenomena.
Experimental part
Materials and methods
Na + -montmorillonite clay (mean formula unit Na 0.65 [Al,Fe] 4 Si 8 O 20 (OH) 2 ) was purchased from Southern Clay Products, Inc., under the trade name of Cloisite ® Na. Cationic exchange capacity (C.E.C.) was equal to 93 mEq/100 g. Dry particle size by volume was 10% less than 2 m, 50% less than 6 m, and 90% less than 13 m.
The ammonium salts were purchased from Akzo. Di-talloyldimethylammonium chloride (Arquad ® HC Pastilles, DTDM + Cl -), had 98.5 as a typical value of chemical purity, and the alkyl chain distribution (as weight %) of the tallow substituent was the following: < C12 = 1, C14 = 4, C16 = 31, C18 = 64. In the text, this distribution of alkyl chain will be nevertheless indicated as "tallow group". Hydrogenated tallow-benzyldimethylammonium chloride (Arquad ® HTB-75, thereafter 1T) was a dispersion of ammonium salt at 75-78% by weight in a 68/32 2-propanol/water mixture. Hydrogenated talloyl-2-ethylhexyldimethylammonium chloride (TEDM + Cl -) was from Akzo.
Organically modified clays with trade name Dellite ® 67G and Dellite ® 43B were from Laviosa Chimica Mineraria S.p.A. Organic modifiers were, respectively: dimethyldihydrogenated-tallow quaternary ammonium and talloyl-benzyl-dimethylammonium. Cloisite ® 25A was from Southern Clay Products: modifier was talloil-2-ethylhexyldimethyl-ammonium and its concentration is 95 meq/100 g clay.
Diethyl carbonate, n-dodecane and biphenyl were pure reagent grade (Aldrich, 99%) and used without further purification.
X-ray diffraction (XRD) measurements were performed using a Dmax-rC X-ray diffractometer, with a CuK α radiation (λ=0.154 nm) and a scanning rate of 4 °/min at 40 kV and 100 mA. The basal spacing of the silicate layers, d, was calculated according to Bragg's equation, λ=2d sinθ. Thermogravimetric analyses (TGA) were preformed on a Perkin-Elmer TGA7 thermal analysis system under a flowing nitrogen atmosphere at a scan rate of 5-20 °C/min from 20 to 600 °C. GC-MS analyses were carried out on an Hewlett-Packard 5892 instrument equipped with a gas chromatograph HP-5890 Series II (which uses with a silica capillary column HP-5 (30 m x 0.25 mm, film thickness 0.25 mm)), and a quadrupole mass spectrometer HP-5972, using helium as carrier gas.
Purification of commercial DMTA organoclay (Dellite 67G)
Commercial Dellite 67G samples (about 5 g) were introduced in Whatman cellulose extraction thimbles and covered with glass wood. The thimbles were introduced in a parallel Ace Soxhlet extraction apparatus and extraction was carried out using ethanol as solvent. Each hour a sample was cooled, dried and analyzed by XRD to determine the basal spacing distance d 001 . The following d 001 data in nm were obtained: t(0) 3.4, t(1h) 3.0, t(2h) 2.9, t(3h) 2.9, t(4h) 2.8, t(5h) 2.7, t(6h) 2.7, t (7h) 2.6, t(10h) 2.6.
Preparation of DMTA organoclay
A mixture of 100 mL of water and 60 mL of ethanol was prepared and 2 g sample of the mineral Na + -montmorillonite clay was here dispersed by stirring at 70 °C for 1 h and sonication (ultrasonic bath at 60% amplitude) for 10 min. To this dispersion was added dropwise under stirring the dimethylditalloylammonium chloride (previously dried at 100 °C for 2 h in vacuum) dissolved in 40 mL of ethanol, and the reaction mixture was stirred at 70 °C for 24 h. At the end of the reaction time, the flocculated product was removed by filtration, thoroughly washed with a hot ethanol-water mixture (1:1) followed by hot ethanol, dried, and milled. The sample was then extracted in soxhlet with ethanol for 6 h and then dried in vacuum at 20 °C for 5 h.
Isoprene rubber / organoclay masterbatches preparation
Masterbatches were prepared in a Maris TM 40 HT 40 mm corotating twin screw extruder, with a diameter of 40 mm, an L/D ratio of = 48 and operating at a screw speed of 200 rpm. Rubber crumbs were fed in the first main feeding inlet and organoclay in the first downstream side feeder.
Rubber composites were continuously extruded at temperatures and flow rates reported in Table 3 and the extrudates, in the shape of a stripe, were cooled in a water bath.
Thermal degradation of organoclays
A weighed amount of organoclay (about 5 g) was introduced under nitrogen in a 50 ml round bottomed flask equipped with a thermometer (in contact with the organoclay powder) and a reflux condenser. The flask was then heated for 3 hours at about 170 °C. After this time, the initially pale yellow organoclay turned dark brown. Dichloromethane (30 ml) was added through the condenser to the residue and the system was stirred for 15 min, and then filtered on celite. The resulting solution was used for preliminary qualitative GC-MS analysis. The product distribution was very similar to the one obtained in thermal degradation of organoclay in n-dodecane, therefore this method was applied for quantitative analyses.
Thermal degradation of organoclay in n-dodecane
A weighed amount of organoclay (about 1 g) was introduced under nitrogen in a 50 ml three necked round bottom flask equipped with a magnetic stirrer and a reflux condenser. n-Dodecane (20 ml) was then added. Stirring was applied and the heterogeneous suspension was then heated with an oil bath up to 190 °C for 1-6 hours. After cooling at 70 °C, the suspension was filtered through a 0.45 m filter and the dodecane solution, after addition of biphenyl as internal standard, was directly analyzed by GC-MS. Structural assignments of products were made based on NIST library database and co-injection of authentic samples.
Thermal degradation of IR/organoclay masterbatches
A weighed amount of masterbatch, cut in small pieces with largest size of about 0.5 mm, was introduced under nitrogen in a 100 ml three necked round bottom flask equipped with a thermometer, in contact with the pieces, a nitrogen gas addition tube and a heated glass tube connected to a Schlenk tube cooled at -70 °C to collect volatile products. The flask was heated with an oil bath at 210 °C and nitrogen was allowed to flow at 8 ml/min through the flask for 1 hour. The average temperature of masterbatch pieces was measured to be about 170 °C. Glass and Schlenk tubes were then disconnected from the flask and dichlorometane was used to dissolve the condensed material to a final volume of 20 ml. After this heating procedure, rubber was found to be somewhat sticky. Biphenyl was then added as internal standard and the resulting solution was analysed by GC-MS. A typical GC-MS obtained with sample is reported in Fig. 4 and the analytical data for all the masterbatches investigated are reported in Table 4 . In parallel thermal degradation experiment of IR rubber, under the same experimental conditions, significant release of volatile products from rubber occurs only at 210-240 °C (Fig. 4) .
Decomposition of DTMA Chloride in diethyl carbonate
Dodecyltrimethylamoniun chloride (4.57 g; 0.02 mol, previously dried at 110 °C for 2 hours in vacuum) was introduced in an autoclave equipped with a Teflon vessel and a Teflon magnetic stirrer and diethyl carbonate (11.8 g; 0.1 mol) was added. The autoclave was closed and moderate stirring is applied for 30 min., then heating is applied until 170 °C and this temperature was maintained for 2 hours. After cooling at 20 °C, the heterogeneous mixture was taken up with ethyl acetate (3 x 20 ml). After addition of biphenyl as internal standard a sample was taken, filtered through a 0.45 m filter and diluted 1/100 with ethyl acetate and analysed by GC-MS. All the assigned products were attributed via NIST database matching, when available, or by co-injection of authentic samples prepared by trans-carbonation or Williamson ether synthesis. Quantitative analysis of the sample afforded the following distribution: dodecylethyl carbonate (6%), didodecyl carbonate (13%), methylethyl carbonate (7%), dodecylethyl ether (8%), didodecyl ether (5%), dodecylmethyl ether (3%).
